The RNA exosome is a key 3'-5' exoribonuclease with an evolutionarily conserved structure 22 and function. Its cytosolic functions require the co-factors SKI7 and the Ski complex. Here 23 we demonstrate by co-purification experiments that the ARM repeat protein 24
and function. Its cytosolic functions require the co-factors SKI7 and the Ski complex. Here 23 we demonstrate by co-purification experiments that the ARM repeat protein 24
RESURRECTION1 (RST1) and RST1 INTERACTING PROTEIN (RIPR) connect the 25
cytosolic Arabidopsis RNA exosome to the Ski complex. rst1 and ripr mutants accumulate 26 RNA quality control siRNAs (rqc-siRNAs) produced by the post-transcriptional gene 27 silencing (PTGS) machinery when mRNA degradation is compromised. The small RNA 28 populations observed in rst1 and ripr mutants are also detected in mutants lacking the 29 RRP45B/CER7 core exosome subunit. Thus, molecular and genetic evidence supports a 30 physical and functional link between RST1, RIPR and the RNA exosome. Our data reveal the 31 existence of additional cytosolic exosome co-factors besides the known SKI subunits. RST1 32 is not restricted to plants, as homologues with a similar domain architecture but unknown 1 function exist in animals, including humans. The main 3'-5' exoribonucleolytic activity in eukaryotic cells is provided by the RNA 6 exosome. It consists of a core complex composed of nine subunits (Exo9), to which the 7 exoribonucleases RRP6 and DIS3/RRP44 differentially associate within the nucleolus, 8 nucleoplasm or cytosol [1] [2] [3] [4] . Whilst the overall structure and function of the RNA exosome is 9 conserved, both the composition and enzymatic activities of exosome complexes vary among 10 organisms. For example, most non-plant Exo9s including those in yeast and human are 11 catalytically inactive 5 , whereas plant Exo9s have retained a phosphorolytic activity 12 originating from its prokaryotic ancestor 6 . This unique phosphorolytic activity of plant Exo9 13 acts in combination with the hydrolytic activities provided by RRP6 and DIS3 6 . Another 14 exception among RNA exosomes is the association of human Exo9 with functionally distinct 15 DIS3L and DIS3 proteins, only the latter of which is conserved in yeast and plants 3, 7 . 16
In all eukaryotes investigated, the catalytic activities of the RNA exosome are modulated 17 by cofactors that aid in the recognition of specific types of substrates and that couple 18 exosome-mediated degradation to cellular processes such as ribosome biogenesis or mitosis 8-
19
15 . All "activator-adapter" or "exosome targeting" complexes that have been characterized to 20 date contain an RNA helicase from the MTR4/SKI2 family as a central component. In 21 addition, exosome targeting complexes typically comprise RNA binding proteins, non-22 canonical poly(A) polymerases or factors mediating protein-protein interactions. 23 Most exosome targeting complexes described to date are nuclear. They include the 24 TRAMP (TRF4-AIR1-MTR4 polyadenylation) complexes in both baker's yeast and 25 humans [16] [17] [18] [19] , the human PAXT (polyA tail exosome targeting) complex 22 , the NEXT (nuclear 26 exosome targeting) complexes that differ slightly in humans and plants 19, 23 and the MTREC 27 (Mtr4-like 1 (Mtl1)-Red1-core) complex in fission yeast 24, 25 . These MTR4 containing 28 complexes assist the exosome in nuclear RNA surveillance by targeting various RNA 29 substrates, including precursors of ribosomal and other non-coding RNAs, spurious 30 transcripts generated by pervasive transcription and untimely, superfluous or misprocessed 31 mRNAs 17, 19, 23, 24, [26] [27] [28] [29] [30] . 32
In remarkable contrast to the diversity of nuclear exosome cofactors, a single conserved 33 protein complex, the Superkiller (Ski) complex, is known to assist the exosome in the cytosol. 34 nuclear RNA helicases, AtMTR4 and its closely related homologue HEN2 23 . In addition, 11
Arabidopsis Exo9 systematically co-purified with a 1840 amino acid ARM repeat protein of 12 unknown molecular function named RESURRECTION 1 (RST1) 23 . RST1 was originally 13
identified in a genetic screen for factors involved in the biosynthesis of epicuticular waxes 40 . 14 Epicuticular waxes are a protective layer of aliphatic very long chain (VLC) hydrocarbons 15 that cover the outer surface of land plants 41, 42 . rst1 mutants have less wax on floral stems than 16 wild-type plants, and about 70% of the seeds produced by rst1 mutants are shrunken due to 17 aborted embryogenesis 40 . The molecular function of RST1 remains unknown. Interestingly, 18 one of the two RRP45 exosome core subunits encoded in the Arabidopsis genome, named 19 RRP45B or CER7 (for ECERIFERUM 7) was also identified in a genetic screen aimed at 20 identifying enzymes or regulators of wax biosynthesis 43 . The wax-deficient phenotype of 21 rrp45b/cer7 mutants (cer7 from now on) is suppressed by mutations in genes encoding RNA 22 silencing factors such as RDR1, RDR6, AGO1, SGS3 and DCL4 44, 45 . This and the 23 identification of small RNAs accumulating in cer7 mutants revealed that the wax deficiency 24 observed in cer7 plants is due to post-transcriptional silencing of CER3 mRNAs 44, 45 , encoding 25 a protein that together with the aldehyde decarbonylase CER1 catalyses the synthesis of VLC 26 alkanes from VLC acyl-CoAs 46, 47 . These results demonstrated that the RNA exosome 27 contributes to the degradation of the CER3 mRNA and that the wax-deficient phenotype of 28 cer7 mutants is a consequence of the established link between RNA degradation and silencing 29 pathways 44, 45, 48 . Indeed, in plants, the two major exoribonucleolytic pathways that degrade 30
RNAs either from 5' to 3' or from 3' to 5' also prevent that degradation intermediates such as 31 uncapped or RISC-cleaved mRNAs are attacked by post-transcriptional gene silencing 32 (PTGS) 49-54 , a mechanism required for the destruction of non-self RNAs originating from 33 viruses or transgenes 55 . 
RST1 co-purifies with the exosome, SKI7 and RIPR 15
To examine the intracellular distribution of RST1, we used a rst1-3 mutant line expressing 16 RST1 proteins fused to GFP at its N-or C-terminus. Both fusion proteins were functional as 17 they rescued the wax deficiency of rst1-3 (Fig. 1) , and showed a diffuse cytoplasmic 18 distribution in root cells of stable Arabidopsis transformants similar to the cytoplasmic 19 marker protein PAB2 (Fig. 3) . Therefore we conclude that RST1 is a cytoplasmic protein, 20 which is in contrast to a previous study, which had proposed that RST1 is localized at the 21 plasmamembrane 59 . In our previous experiments, RST1 co-purified with Exo9 using the core 22 exosome subunit RRP41 as bait 23 . To verify the association of RST1 with Exo9 we used 23 GFP-RST1 or RST1-GFP as baits for immuno-precipitation (IP) experiments followed by 24 LC-MS/MS analyses (15 IPs). Indeed, among the proteins that were enriched in RST1 IPs 25 were the nine canonical subunits of Exo9: CSL4, MTR3, RRP4, RRP40A, RRP41, RRP42, 26 RRP43, RRP45B/CER7 and RRP46 (Fig. 4A, Supplementary Table 1 ). By contrast, we did 27 not detect HEN2 or MTR4, the two main cofactors of nucleoplasmic or nucleolar exosomes, 28
respectively. The lack of HEN2 and MTR4 detection is in agreement with the cytoplasmic 29 localization of RST1. Noteworthy, RST1 co-purified with the cytoplasmic protein encoded by 30 AT5G10630, the mRNA of which is alternatively spliced to produce either HBS1 or SKI7 31
proteins. As compared to the HBS1 mRNA, the SKI7 mRNA contains an additional exon 32 encoding the putative exosome interaction domain of the Arabidopsis SKI7 protein 38 . 33
Inspection of the peptides detected in the RST1 IP revealed the presence of peptides specific 34 to the SKI7 splice isoform (Supplementary Fig. S1 ). This and the fact that SKI7 proteins are 1 bound to yeast and human exosome complexes indicate that the AT5G10630 gene product 2 which co-purified with RST1 is indeed SKI7 rather than HBS1. The three components of the 3 cytoplasmic Ski complex were also detected in RST1 IPs, albeit their enrichment relative to 4 control IPs did not pass the p<0.05 threshold. Together, these IP results support the 5 exclusively cytoplasmic localisation of RST1 and confirm its interaction with the Exo9 core 6 complex. Furthermore, a protein of unknown function encoded by AT5G44150 and that we 7 termed RIPR for RST1 interacting protein, was the most enriched protein in all RST1 IPs 8 (Fig. 4A) . 9
Because our previous purifications of Arabidopsis exosome complexes with tagged RRP41 as 10 bait were analysed using an older and less sensitive mass spectrometer 23 , we repeated the 11 experiment using the same experimental settings as we used for the RST1 IPs (6 IPs, Fig. 4B , 12
Supplementary Table 2 ). This new experiment as bait confirmed the previously reported co-13 purification of the conserved exoribonuclease RRP44 and the two nuclear RNA helicases 14 MTR4 and HEN2 with Exo9 and reproduced the co-purification of RST1. In addition, the 15 new experiment revealed a significant enrichment of both RIPR and SKI7 in the RRP41 IPs. 16
Peptides specific to the alternative subunit RRP45A were present in the RRP41 IPs but absent 17 when RST1 was used as bait, suggesting that RST1 may preferentially interact with CER7 18 (aka RRP45B)-containing exosome complexes. To test this hypothesis, we stably expressed 19 GFP-tagged RRP45A and RRP45B/CER7 in Arabidopsis (Supplementary Fig. 2 ). Indeed, 20 both RST1 and SKI7 were significantly enriched with CER7 as bait (Fig. 5 , Supplementary 21 Table 3 ). By contrast, RST1 and RIPR were not detected when RRP45A was used as bait, 22 even though RRP45A and CER7 are both present in cytosolic and nuclear compartments, and 23 notwithstanding that the large number of RRP45A IPs (14 IPs) was sufficient to detect the 24 nuclear RNA helicase HEN2 and exoribonuclease RRP44, whose association to Exo9 is 25 rather labile in Arabidopsis. These results indicate that RST1 and RIPR are bound to Exo9 26 with RRP45B/CER7 subunits, but not to Exo9 complexes that contain the alternative subunit 27 RRP45A. In order to confirm the physical association of RIPR with RST1, we used RIPR 28 with GFP-tags at either the N-or the C-terminal ends as bait in co-purification experiments (4 29 IPs, Fig. 6, Supplementary Table 4) . RST1 was the most enriched protein in RIPR IPs. The 30 nine subunits of the exosome were also detected but were less enriched than in the IPs with 31 RST1 as bait (compare Fig. 4 and 6) . By contrast, SKI7 as well as the three components of the 32 Ski complex SKI2, SKI3 and SKI8 were amongst the most significantly enriched proteins co-33 purifying with RIPR (Fig. 6) . 34
Altogether, the multiple reciprocal IPs confirm the interaction of RST1 with CER7-1 containing exosome core complexes and identify SKI7 and RIPR as additional binding 2 partners of both RST1 and Exo9. Furthermore, our data indicate that RIPR bridges the 3 association of RST1-SKI7 with the Ski complex. 4
5
Loss of RIPR function phenocopies rst1 mutants 6 RIPR is conserved among flowering plants but has no clear sequence homologs in mosses, 7 green algae or outside of the green lineage. RIPR is a 356 amino acid protein that lacks 8 obvious functional domains and motifs or sequence homologies to known proteins. Confocal 9 microscopy of Arabidopsis roots stably expressing RIPR-GFP fusion proteins revealed a 10 diffuse cytoplasmic distribution (Fig. 7A ) similar to the intracellular distribution of RST1 11 (Fig. 3) . Because T-DNA insertion mutants in the AT5G44150 locus were not available in 12
Arabidopsis stock centres, we obtained two independent mutants using a CRISPR-Cas9 13 strategy. The mutants, named ripr(insT) and ripr(insC), had single T or C nucleotides inserted 14 at position 179, creating premature stop codons 60 and 65 amino acids after the start codon, 15 respectively (Fig. 7B, C, Supplementary Fig. S3 ). Interestingly, ripr(insT) and ripr(insC) 16 mutant plants have glossy green stems resembling the stems of rst1 and cer7 plants (Fig. 7D) . 17
Moreover, about 70% of the seeds produced by ripr(insT) and ripr(insC) plants were 18 shrunken, similar to the proportion of unviable seeds produced by rst1-2, rst1-3 or cer7-3 19 plants (Fig. 7E ) 40 . RNA blots confirmed that the wax deficient phenotype of ripr(insT) and 20 ripr(insC) is due to the accumulation of CER3-derived small RNAs and silencing of the 21 CER3 mRNA (Fig. 7F ). Those results demonstrate that RIPR can, like RST1, suppress the 22 production of small RNAs from the CER3 locus. Finally, 56 /56 Hc1 ripr(insT) plants 23 triggered silencing of the GUS PTGS reporter (Fig. 7G) , demonstrating that RIPR also 24 supresses transgene silencing. Taken together, loss of RIPR induced very similar 25 physiological and molecular phenotypes as loss of RST1 or the exosome subunit CER7. 26 27 Small RNAs produced from endogenous mRNAs accumulate in cer7, ripr and rst1 28 mutants 29
The association of RST1 and RIPR with the exosome complex and the fact that loss of RST1 30 or RIPR phenocopies the cer7 mutation suggested that both RST1 and RIPR are involved in 31 the exosome-mediated degradation of the CER3 mRNA before it can become a template for 32 the production of CER3-derived small RNAs. To identify other common targets of RST1, 33 RIPR and the exosome complex we analysed small RNA libraries prepared from wild-type 34 plants and from cer7, rst1 and ripr mutants (Fig. 8A ). This analysis identified more than 300 1 mRNAs that gave rise to small RNAs in cer7 (Supplementary Table 5 ). Because these siRNAs are produced from protein coding 7 genes in RNA degradation mutants, they have been termed ct-siRNAs (coding-transcript 8 siRNAs) or rqc-siRNAs (RNA quality control siRNAs) 51, 52, 54 . About one third of the loci that 9 generated rqc-siRNA in cer7 mutants produced significant amounts of rqc-siRNAs in rst1 and 10 ripr mutants as well, while only very few loci were specifically observed in only ripr or rst1 11 (Fig. 8B ). The observation of quasi identical populations of small RNAs in rst1 and ripr and 12 the fact that almost all loci affected by rst1 or ripr are also affected in cer7 strongly support 13 the conclusion that RST1 and RIPR are required for the degradation of at least a subset of 14 cytoplasmic exosome targets. illegitimate siRNAs generated from endogenous protein-coding genes many of which have 27 been previously found to produce siRNAs in ski2, xrn4 ski2, or in mutants of the decapping 28 complex 51,52,54
29
The current hypothesis for the production of rqc-siRNAs is that mRNA degradation 30 intermediates such as decapped, deadenylated or cleaved mRNAs, including the fragments 31 produced by RISC, must be rapidly eliminated to avoid that they serve as substrates for the 32 synthesis of double-stranded RNA by endogenous RNA-dependent RNA polymerases and 33
SGS3
49-52,54,60 . Likely, the largely redundant 5'-3' degradation by the cytoplasmic 34 exoribonuclease XRN4 and 3'-5' degradation by the cytoplasmic exosome and the Ski 1 complex ensures the rapid elimination of mRNAs after their degradation has been initiated by 2 decapping, deadenylation or RISC-mediated cleavage, thus preventing the production of rqc-3 siRNAs. Vice versa, accumulation of rqc-siRNAs indicates impaired RNA degradation. The 4 fact that similar rqc-siRNA profiles are observed in cer7, rst1 and ripr mutants indicates that 5 CER7, RST1 and RIPR contribute to the degradation of an overlapping set of mRNA targets. 6
It is important to note that both the loci concerned and the levels of siRNAs from a given loci 7 vary among plants of the same genotype and grown under identical conditions. Also, not each 8 of the loci that give rise to rqc-siRNA undergoes silencing, i.e. full suppression of its 9 expression
61 . Yet, PTGS is obviously consistently triggered for certain Arabidopsis mRNAs. 10
For instance, compromising 3'-5' degradation leads to silencing of the CER3 and few other 11 mRNAs, while distinct loci appear to be more sensitive to impaired decapping or 5'-3' 12 decay 51,52,54 . Interestingly, many of the mRNAs that reproducibly generate small RNAs in 13 RNA degradation mutants including the CER3 mRNA, have actually no sequence homology 14 to miRNAs (Supplementary Table 5 ). It is therefore tempting to speculate that mRNAs prone 15 to PTGS possess common intrinsic features that trigger the recruitment of SGS3 and RDR6. 16
One of the currently discussed propositions is that highly expressed mRNAs are more likely 17 to generate aberrant RNAs than moderately or low expressed ones 54 . In addition, certain 18 mRNAs prone to RNA silencing may be cleaved by off-targeted RISC, or are perhaps 19 substrates of other endonucleases. Alternatively, secondary structures or strong association to 20 proteins may impede degradation by at least one of the otherwise largely redundant 5'-3' and 21 3'-5' degradation pathways and could explain why some mRNAs are more likely to become 22 substrate for RNA-dependent RNA polymerases than mRNAs which are efficiently degraded 23 from both directions. Yet, about 30% of the rqc-siRNAs generating loci in rst1 and ripr are 24 known or predicted miRNA targets (Supplementary Table 5 ). Hence, at least for those, the 25 initial substrate for RDR6-dependent siRNA production could be a RISC-cleaved mRNA 26 fragment. Since miRNAs and AGO1, the main effectors of RISC, are associated with 27 polysomes 62,63 , 5' cleavage products that could be generated by RISC on polysomes resemble 28 truncated mRNAs without a stop codon and without a polyA-tail. Therefore, we can presume 29 that RST1 and RIPR, together with the Ski complex and the RNA exosome, participate in the 30 elimination of no-stop RNA. The notion that 5' RISC-cleaved fragments that fail to be 31 degraded by RST1-RIPR-SKI and the exosome become a substrate for the production of 32 small RNAs fits well with the observation that the full-length cleavage fragments of only 10-33 20% of the Arabidopsis miRNA targets can be detected in the no-stop decay mutant pelota 60 . 34
Our data also have important implications on the physical organisation of the cytoplasmic 1 RNA exosome and the Ski complex. In Arabidopsis and closely related species, two genes 2 encode the exosome core subunit RRP45. Arabidopsis RRP45A and RRP45B/CER7 share 3 88% identity over their first 300 amino acids. Both subunits are located in cytosolic and 4 nuclear compartments, and are at least in stable transformants, similarly enriched in nucleoli. 5
Interestingly, both RST1 and RIPR only associated with RRP45B/CER7-containing 6 exosomes, while no peptide of RST1 was detected in any of the fourteen experiments that we 7 performed using RRP45A as bait. Instead, RRP45A-containing exosomes preferentially co-8 purified with the nuclear RNA helicase HEN2, in line with previous results obtained using 9 HEN2 as bait 23 . Our results indicate that RST1 preferentially associates with the CER7-10 containing version of the Arabidopsis exosome. Compared to RRP45A, CER7 possesses an 11 extra C-terminal domain of 135 aminoacids, which may be important for the recruitment of 12 RST1. However, a previous study suggested that these extra amino acids are dispensable for 13 the function of CER7 in the degradation of the CER3 mRNA 43 . Moreover, the ectopic 14 expression of RRP45 in cer7 mutants rescued their wax-deficient phenotype 43 . A possible 15 explanation is that overexpression of RRP45A allows a weak interaction with RST1 that is 16 below the detection level in our IPs with RRP45A as bait. An alternative explanation could be 17 that the physical interaction between RST1 and Exo9 is not essentially required for the 18 function of both proteins in the turnover of the CER3 mRNA. 19
The observation that RST1 is among the most enriched proteins captured with either 20 RRP41 or CER7 as bait suggests that RST1 is stably associated with the exosome core 21 complex. The strong enrichment of both RIPR and SKI7 with RST1 as bait and the 22 observation that the Ski complex purifies mainly with RIPR suggests that RST1 and RIPR 23 link the exosome to the Ski complex in plants. Future experiments will address the possibility 24 that RIPR may be required to link the Ski complex with the core exosome while RST1 could 25 stabilize the binding of Exo9 and SKI7. Other interesting possibilities are that RST1 and/or 26 RIPR affect the recognition of target RNAs or the recruitment of the exosome to ribosomes. 27
In fact we do detect ribosomal proteins in the all of our IPs, but with low enrichment scores 28 (Supplementary Tables 1-4, or 
Material and Methods 22

Plant material 23
Plants were grown on soil or in vitro on Murashige and Skoog medium supplemented with 24 0.5 % sucrose at 20°C in 16 h light and 8 h darkness. All plants were of the Col-0 accession, 25 which served as wild type in all experiments. The T-DNA insertion lines cer7-2 26 (Salk_003100), cer7-3 (GK_089C02), rrp45a (GK_665D02), sgs3-13 (Salk_039005) and 27 rst1-2 (Salk_070359), rst1-3 (Salk_129280) have been described in 44, 46 and 40 , respectively. 28
The rst1-5 and rst1-4 alleles are EMS alleles identified during this study. Starting point for 29 the identification of rst-5 was the EMS mutagenesis of the line L1 jmj14-4 line in which 30 PTGS of the 35Sprom:GUS transgene inserted at the L1 locus is partially impaired by the 31 jmj14-4 mutation 57,66 . The rst1-4 mutant was identified following EMS treatment of 32
MIM156
56 . EMS mutagenesis of seeds was performed as described in 67 . Mutations were 33 
PTGS analysis 9
Hc1 rst1-5, Hc1 ripr(insT) and 6b4 rst1-5 plants were obtained by crosses. S-PTGS 10 frequencies were assessed by GUS activity assays as described previously 69 . 11 12
CRISPR-Cas9 editing of AT5G44150 13
The target site at position +179 from the ATG of the AT5G44150 gene was selected using the promoter. Fluorescent T1 seeds were selected using an epifluorescence-equipped binocular. 28
Plants were genotyped by high resolution melting using the precision melt supermix (Biorad) 29 in a Roche Lightcyler 480 and further confirmed by Sanger sequencing. Plants carrying an 30 insertion at the AT5G44150 target site were selfed and RFP-negative T2 seeds devoid of the 31
Cas9-containing T-DNA were selected for outgrowth. Two independent T2 plants 32
homozygous for the insertion of a single T or C at position +179 were selected for further 33 characterization.
1
Expression of GFP-tagged fusion proteins 2
RRP41-GFP lines were made with constructs comprising the genomic sequence of RRP41 3 including 1000bp upstream of the translation start site and were previously described in 6 . All 4 other GFP-fusion proteins were expressed from the UBIQUITIN 10 promoter. C-terminal 5 fusion constructs contained the genomic sequence of the respective genes including the 5' 6 UTR but lacking the Stop codon. For N-terminal fusions, the genomic sequences without the 7 5' UTR but including the 3' UTR were used. All sequences were amplified from genomic 8 DNA, cloned into pENTR1a (Invitrogen) and transferred to pUBC-GFP and pUBN-GFP 9 destination vectors 72 , respectively, using Gateway R recombinases. Expression vectors were 10 transferred to Agrobacterium and used to transform rst1-3 (for RST1-GFP and GFP-RST1), 11 cer7-2 for CER7-GFP, rrp45a for RRP45a-GFP, and Col-0 plants for both GFP-RIPR and 12
RIPR-GFP. 13 14
Co-immunopurification experiments 15
Plants were selected by testing crude flower extracts by western blots using homemade 16 antibodies specific to GFP. Eluted proteins were digested with sequencing-grade trypsin (Promega) and analyzed 28 by nanoLC-MS/MS on a QExactive+ mass spectrometer coupled to an EASY-nanoLC-1000 29 (Thermo-Fisher Scientific, USA) as described before 73 . Data were searched against the 30 TAIR10 database with a decoy strategy. Peptides were identified with Mascot algorithm 31 (version 2.5, Matrix Science, London, UK) and the data were imported into Proline 1.4 32 software (http://proline.profiproteomics.fr/). The protein identification was validated using the 33 following settings: Mascot pretty rank <= 1, FDR <=1% for PSM scores, FDR <= 1% for 34 protein set scores. The total number of MS/MS fragmentation spectra was used to quantify 1 each protein from at least two independent biological replicates. If not specified otherwise, 2 biological replicates consisted of plants of the same genotype grown at different dates and in 3 different growth chambers. 4
For the statistical analysis of the co-immunoprecipitation data we compared the data 5 collected from multiple experiments for each bait against a set of 20 control IPs using a 6 homemade R package as described in 73 except that the size factor used to scale samples were 7 calculated according to the DESeq normalisation method (i.e. median of ratios method) 74 . 8
The R-package performs a negative-binomial test using an edgeR-based GLM regression and 9 calculates the fold change and an adjusted p-value corrected by Benjamini-Hochberg for each 10 identified protein. The RST1 dataset comprised the data collected from 15 11 immunoprecipitation experiments performed in 6 biological replicates of each GFP-RST1 and 12 RST1-GFP. 14 IPs from 4 biological replicates were performed with RRP45A. 6 experiments 13 from 2 biological replicates were used for each of RRP41-GFP and CER7-GFP, and the RIPR 14 dataset contained 4 IPs from 2 biological replicates of each RIPR-GFP and GFP-RIPR. 
Epicuticular wax analysis 23
For each sample, 3 stem sections of 6 cm were immersed for 30 s in 10 ml chloroform. 24
Extracts were dried under N2 gas, dissolved in 150 µl chloroform, transferred in an insert and 25 again dried under N2 gas. Extracts were derivatized in a mix of BSTFA [N,O 26 bis(trimethylsilyl) trifluoroacetamide) (> 99 %, Sigma)] / pyridine (> 99,5 %, sigma) (50/50, 27 V/V) (1 h 80 °C with shaking at 300 rpm) before BSTFA-pyridine extracts were evaporated 28 under N2 gas. The samples were dissolved in chloroform containing a mix of 9 alkanes (C10-29
C12-C15-C18-C19-C22-C28-C32-C36) as internal standards. 30
Derivatized silylated samples were analyzed by GC-MS (436-GC, Bruker; column 30-31 m, 0.25-mm, 0.25 µm; HP-5-MS) with He carrier gas inlet pressure programmed for constant 32 flow of 1 ml/min and mass spectrometric detector (SCION TQ, Bruker; 70 eV, mass to charge 33 ratio 50 to 800). GC was carried out with temperature-programmed injection at 50 °C over 2 34 Formaldehyde (4-6 h at 50 V). The RNA was blotted to Amersham Hybond-N+ membranes 21 (GE Healthcare Life Sciences) and UV-crosslinked (254 nm). Membranes were stained with 22 methylene blue and hybridized to 32 P radio-labeled DNA probes (DecaLabel, ThermoFischer) 23 in PerfectHyb TM (Sigma) over night at 65 ºC. Sequences for primers used for amplification of 24 probe templates are listed in Supplementary Table S6 . 25
For low molecular weight and small RNA northern blots, 20 µg of total RNA were 26 separated in 5% and 17 % polyacrylamide gels (19:1), respectively, containing 7 M Urea in 27 100 mM Tris, 100 mM Borate, 2 mM EDTA. RNA was transferred to Amersham Hybond-28 NX membranes (GE Healthcare Life Sciences) and either UV-crosslinked (LMW blots) or 29 chemically crosslinked (small RNA blots) by incubation with 0.16 M l-ethyl-3-(3-30 dimethylaminopropyl) carbodiimide (EDC, Sigma) in 0.13 M 1-methylimidazole (Sigma), 31 pH 8, for 1.5h at 60 °C. Membranes were hybridized to radio-labeled DNA probes overnight 32 at 45 ºC. For loading controls, blots were stripped with boiling 0.1 % SDS, and hybridized to 33 a radiolabelled oligonucleotide specific to 7SL RNA, U6 snRNA or miR156. Oligonucleotide 1 sequences are listed in Supplementary Table S6 . Sequence reads were trimmed from 3'-adapters and low quality bases (q < 30) using 22 cutadapt v1.18 76 . Reads were aligned without mismatches to the Arabidopsis TAIR10 genome 23 using ShortStack v3.8.5 77 in unique mode (-u). Counts of 21 nt and 22 nt reads were extracted 24 and annotated against TAIR10. Differential expression analysis was performed with 25
DEseq2
78 . The data obtained from the two alleles of cer7, rst1 and ripr were analysed 26 together. Downstream analysis and data visualization were done with R. Only loci with 27 log2FC > 1 and an adjusted p-value of < 0.01 were considered. PhasiRNA were identified 28 with the help of ShortStack's phasing score (score >= 5). Potential miRNA target mRNAs 29 were predicted using the psRNATarget webservice at 30 (http://plantgrn.noble.org/psRNATarget) 79 . 31
32
Statistical analysis 33
For the statistical analysis of proteomic and sequencing data, we used negative-binomial 1 models based on the edgeR and DEseq2 packages, respectively, which calculate the fold 2 change and adjusted p-values with a two-sided Wald test. 3 4
Gel and blot images 5
Uncropped blots and stem images are provided in Supplementary Figure S4 . 6 7 Data availability. 8
The small RNAseq and mass spectrometry proteomics raw data that support the findings of 9 this study have been deposited to the NCBI Gene Expression Omnibus (GEO) database, 10 accession code GSE129736, and to the ProteomeXchange Consortium via the PRIDE 
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